In transformed tobacco (Nicotiana tabacum) plastids, we flank the marker genes with recombinase target sites to facilitate their posttransformation excision. The P1 phage loxP sites are identical 34-bp direct repeats, whereas the phiC31 phage attB/attP sites are 54-and 215-bp sequences with partial homology within the 54-bp region. Deletions in the plastid genome are known to occur by recombination between directly repeated sequences. Our objective was to test whether or not the marker genes may be lost by homologous recombination via the directly repeated target sites in the absence of site-specific recombinases. The sequence between the target sites was the bar au gene that causes a golden-yellow (aurea) leaf color, so that the loss of the bar au gene can be readily detected by the appearance of green sectors. We report here that transplastomes carrying the bar au gene marker between recombinase target sites are relatively stable because no green sectors were detected in approximately 36,000 seedlings (Nt-pSS33 lines) carrying attB/ attP-flanked bar au gene and in approximately 38,000 seedlings (Nt-pSS42 lines) carrying loxP-flanked bar au gene. Exceptions were six uniformly green plants in the Nt-pSS42-7A progeny. Sequencing the region of plastid DNA that may derive from the vector indicated that the bar au gene in the six green plants was lost by gene conversion using wild-type plastid DNA as template rather than by deletion via directly repeated loxP sites. Thus, the recombinase target sites incorporated in the plastid genome for marker gene excisions are too short to mediate the loss of marker genes by homologous recombination at a measurable frequency.
Plastid transformation involves delivery of the transforming DNA to plastids by the biolistic protocol, targeted integration of the marker gene and the gene of interest into the plastid genome by homologous recombination via flanking plastid DNA (ptDNA), followed by selective amplification of the transformed ptDNA copies in cultured cells. Given the large number (1,000-10,000) of ptDNA copies per cell, selective amplification of rare plastid genomes is essential to obtain uniformly transformed, genetically stable transplastomic plants (Maliga, 2004; Bock, 2007) . However, when the homoplastomic state is achieved, the marker gene is no longer needed. The metabolic burden imposed by high-level protein accumulation from the marker gene, the shortage of selectable marker genes, and regulatory concerns to avoid releasing antibiotic resistance genes in transplastomic crops were the impetus to develop methods for plastid marker gene excision. Efficient protocols for plastid marker gene excision rely on phage site-specific recombination systems Lutz and Maliga, 2007a) . When excision of marker genes by recombinases is intended, recombinase target sites flank the marker gene in the transformation vector. Excision of the marker gene is achieved by introducing the site-specific recombinase gene into the plant nucleus, where it is transcribed, its mRNA is translated on cytoplasmic ribosomes, and the engineered recombinase is imported into chloroplasts where the recombinase efficiently excises the marker genes. Recombinases tested for plastid marker excision are P1 phage CRE recombinase (Corneille et al., 2001; Hajdukiewicz et al., 2001; Lutz et al., 2006a; Tungsuchat et al., 2006) and the phiC31 phage integrase (INT; Kittiwongwattana et al., 2007) enzymes.
During evolution, rearrangements of the plastid genome involved deletions and inversions via repeated sequences (Raubeson and Jansen, 2005) . For example, detailed analyses of insertion/deletion events between sugarcane (Saccharum officinarum) and maize (Zea mays) identified a total of 53 insertion and 31 deletion events. Of 1 This work was supported by the U.S. Department of Agriculture Biotechnology Risk Assessment Research Grant Program (grant nos. 2005-33120-16524 and 2008-03012) and by the Consejo Nacional de Ciencia y Tecnología, México (Ph.D. scholarship to S.R.S.-G.).
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www.plantphysiol.org/cgi/doi/10.1104/pp.109.152892 the 84 loci identified, pairs of direct repeat sequences were found side by side in a tandem fashion in 47 loci (Asano et al., 2004) . Deletion of ptDNA sequences between direct repeats by the plastid's homologous recombination machinery has been exploited for plastid marker gene excision (Iamtham and Day, 2000; Kode et al., 2006 (Kuroda and Maliga, 2002; Lutz et al., 2007) , so that deletion of the bar au gene may be detected on the leaves by formation of green sectors. We screened for green sectors approximately 38,000 seedlings carrying a bar au gene flanked with attB/attP sites and approximately 36,000 seedlings carrying a bar au gene flanked with loxP sites. We report here that all seedlings had an aurea phenotype with the exception of six green seedlings. Sequencing the plastid genome of the six green seedlings indicated that the bar au gene in these plants was lost by gene conversion using wild-type ptDNA as template rather than by deletion via the directly oriented target sites. Thus, the recombinase target sites flanking the marker gene in the plastid genome are too short to mediate the loss of marker genes by homologous recombination at a measurable frequency.
RESULTS

Construction of Transplastomic Plants
Two constructs were prepared to test transplastome stability with a marker gene flanked by recombinase target sites. In plasmids pSS33 and pSS42, the bar au genes are flanked by attB/attP and loxP target sites, respectively ( Fig. 1 , A and C). The plastid vectors are pPRV100A vector derivatives (Zoubenko et al., 1994) carrying a selectable spectinomycin resistance (aadA) gene expressed in a psbA plastid gene cassette. Transplastomic plants were constructed by coating gold particles with pSS33 and pSS42 plasmid DNA, introducing the particles into chloroplasts by the biolistic process, and selecting transplastomic clones by spectinomycin resistance. Uniform transformation of the plastid genomes was confirmed by DNA gel-blot analyses (Fig. 2) . The transplastomic plants were transferred to the greenhouse to verify the aurea phenotype. Indeed, the young rapidly growing leaves on the plants were golden-yellow, as expected if carrying the bar au gene (Fig. 3) . However, when growth slowed and the plants started flowering, the leaves turned green and the bar au plants were indistinguishable from wild-type plants (data not shown). Seeds were collected from uniformly yellow plants. Two independently transformed lines were obtained after bombardment with plasmid pSS33 (Nt-pSS33-1 and Nt-pSS33-9), and three independently transformed lines were obtained after bombardment with plasmid pSS42 (Nt-pSS42-7, Nt-pSS42-11, and Nt-pSS42-18).
Testing the Stability of Transplastomes by Restoration of the Green Pigmentation in the Aurea Plants
Seeds from uniformly yellow plants were sown in the greenhouse by capsule and scored for green sectors. No green seedling was found among approximately 36,00 Nt-pSS33 seedlings (63 capsules) carrying the bar au gene between the attB/attP sites. In a population of approximately 38,000 Nt-pSS42 seedlings (63 capsules), six uniformly green plants were identified (Fig. 3C ). The green seedlings appeared in the progeny of one line, Nt-pSS42-7, and therefore are likely to be products of the same event.
Out of the 21 capsules tested, green seedlings were obtained in only three: one, two, and three plantlets, respectively. The six green seedlings were identified by serial number as Nt-pSS42-7AG1 through Nt-pSS42-7AG6.
When bar au is deleted by homologous recombination via the loxP sequences, the aadA gene should be left behind (Fig. 1D) . Therefore, we performed DNA gel-blot analyses to confirm the predicted loss of the bar au gene and maintenance of the aadA gene. DNA gel-blot analyses confirmed that the bar au gene was absent in each of the six green plants, as predicted (Fig. 4A) . However, we were surprised to learn that the aadA gene was also absent in the green seedlings. Sequencing PCR-amplified DNA of the six green plants reveled that the sequence of ptDNA at the HincII insertion site is wild type. However, we found the engineered StuI site in the rrn16-trnV intergenic region and the Spc1 spectinomycin resistance mutation in the rrn16 gene (A-to-C mutation that eliminates the AatII site; Fig. 4B ) that derive from the pPRV vector plastid-targeting region (Zoubenko et al., 1994) . Presence of the Spc1 mutation was further confirmed by the spectinomycin-resistant phenotype of the Nt-pSS42-7AG5 seed progeny (Fig. 4C) .
Excision of the bar au Gene by Recombinases Restores Greening
To confirm that excision of the bar au gene restores wild-type greening, we transformed leaf sections of NtpSS33-9CB and Nt-pSS42-7A plants with Agrobacterium tumefaciens carrying plastid-targeted INT and Cre genes on plasmids pKO117 and pKO31, respectively. Excision of the bar au gene was confirmed by DNA gel-blot analyses (Fig. 2, B and D) . Restoration of normal growth and pigmentation in Nt-pSS33-9CB leaves after excision of the bar au gene by Cre is shown in Figure 3E .
DISCUSSION No Detectable Loss of Marker Genes by Homologous Recombination
We report here that transformed plastid genomes, which carry recombinase target site-flanked marker genes, are stable in the absence of the recombinases. We tested approximately 36,000 seedlings in which the bar au marker is flanked by the INT attB/attP target sites and found no green seedlings that would indicate deletion by homologous recombination via the recombinase target sites. We also tested approximately 38,000 seedlings in which the bar au marker is flanked by the P1 phage loxP sites. In this seedling population, six green plants were found, indicating the loss of the bar au gene. However, molecular analyses of the ptDNA in the green seedlings revealed the loss of the bar au marker by gene conversion with a wild-type ptDNA template rather than deletion via the directly oriented loxP sites (see below).
Studies of repeat-mediated marker gene excision indicate that the probability of deletion between directly oriented repeats is dependent on the repeat length. To obtain reasonably frequent deletions, 649-bp repeats were used because a 418-bp sequence seldom yields deletions (Iamtham and Day, 2000; Kode et al., 2006) . In this laboratory, the bar au gene flanked by an 84-bp promoter repeat was lost in 0.6% of the seed progeny (10 events in 1,584 selfed seed progeny; Lutz et al., 2007) . When we tested a larger Nt-pMBC12 seedling population, loss of the bar au gene was detected in four out of 4,590 seedlings, a 0.1% frequency (data not shown). Apparently, the duplicated 34-bp loxP site in the Nt-pSS42 plants is too short to mediate loss of the bar au gene by homologous recombination at a significant frequency. Also, partial homology within the 54-bp attB/attP region is insufficient to mediate recombination at a measurable frequency by the plastid's homologous recombination machinery.
The Green Nt-pSS42-7AG ptDNA Is the Product of Gene Conversion
The likely mechanism that yielded the Nt-pSS42-7AG ptDNA is gene conversion between the aurea transplastome and a wild-type ptDNA (Fig. 5A ) rather than deletion of the bar au gene by homologous recombination via the loxP sites. Deletion by homologous recombination would have eliminated the bar au gene but would have left behind a loxP site and the spectinomycin resistance (aadA) gene. This hypothetical outcome is shown in Figure 1D . We did not find either a loxP site or an aadA gene. Sequencing of the insertion site (Fig. 4D ) revealed wild-type ptDNA sequences, including the HincII restriction site in the trnV-3#-rps12/7 intergenic region that was the original insertion site in the pPRV plastid transformation vectors (Zoubenko et al., 1994) . The ptDNA in the six green Nt-pSS42-7AG plants is not wild type because gene conversion did not remove the engineered StuI site and the Spc1 spectinomycin resistance mutation present in the pPRV plastid transformation vectors. We originally planned to eliminate the Spc1 mutation during the construction of the pPRV vector backbone (Zoubenko et al., 1994) . The presence of the mutation was discovered during the course of this study when deletion of aadA did not eliminate spectinomycin resistance, providing a second marker to confirm that the ptDNA in the green Nt-pSS42-7A derivatives carries pPRV vector sequences that are likely to be products of gene conversion between transplastomes and wild-type ptDNA. Gene conversion is an active mechanism in the plastids of higher plants; for example, it is thought to be responsible for introducing transgenes into the second copy of the inverted repeat during transformation (Svab et al., 1990) , for marker rescue from the plastid genome by a shuttle plasmid (Staub and Maliga, 1995) , and for elimination of deleterious mutations in the plastid genome (Khakhlova and Bock, 2006) . The ptDNA in the green Nt-pSS42-7AG plants could also be the product of direct transformation of wildtype ptDNA with the pSS42 plasmids (Fig. 5B) . Recombination in this case would have occurred close to the EcoRI site at the end of the rrn16 gene and within the trnV gene, so that the Spc1 spectinomycin resistance mutation and the StuI site would have been incorporated in the transgenic ptDNA. Given the positions of recombination sites, the bar au and aadA genes would not have been incorporated in the ptDNA, unlike in the transplastome shown in Figure   1C . Incorporation of variable size fragments from the vector by recombination at alternative sites is well documented (Kavanagh et al., 1999; Sinagawa-Garcia et al., 2009) . Transplastomic plants carrying the ptDNA depicted in Figure 5B would be green, whereas the plants that yielded the green progeny had an aurea phenotype. Therefore, direct transformation of wildtype ptDNA with the pSS42 plasmid is unlikely to be the mechanism that yielded the Nt-pSS42-7AG ptDNA in the green plants.
As to the gene conversion events, we considered three alternative explanations. Gene conversion between wild-type and transgenic plastid genomes may have taken place during the initial heteroplasmic phase of transformation, but the recombinant copies were present at low frequency. How these would persist in a plant undetected is open to speculation. If gene conversion occurred later, we still have to explain how the green wild-type ptDNA that served as the template was carried undetected in the plant. It may be possible that the wild-type template was carried in a long-term stem cell of the shoot apex that divides very slowly and did not replicate fast enough to form green sectors on the leaves of the parental plants (Gross-Hardt and Laux, 2003; Lutz and Maliga, 2008) . We also considered an alternative explanation. Transfer of ptDNA to the nucleus has been shown, exemplifying the exchange of DNA between different cellular compartments in plant cells (Huang et al., 2003; Stegemann et al., 2003) . Assuming at least occasional open communication between the plastid and the nucleus, a more exciting alternative could be gene conversion between a transgenic ptDNA copy and a wild-type nuclear ptDNA template, the presence of which is well documented in the literature (Timmis et al., 2004; Bock and Timmis, 2008) .
The loss of transgenes by gene conversion could be detected only because we employed the sensitive bar au marker system to track spontaneous deletion of the repeat-flanked marker gene. Because transplastomes carrying the bar au marker between recombinase target sites are stable and have a readily detectable phenotype, the plants described here will be useful to study the feasibility of marker excision in planta.
MATERIALS AND METHODS
Construction of the Nt-pSS33 and Nt-pSS42 Transplastomic Plants
Plastid transformation vector pSS33 is a pPRV111A plasmid derivative that carries a spectinomycin resistance (aadA) marker gene (Zoubenko et al., 1994) and a bar au gene flanked by the phiC31 phage INT attB/attP target sites (Kittiwongwattana et al., 2007) . The vector map is shown in Figure 1A , and the DNA sequence has been deposited in GenBank. The bar au gene is expressed in the PrrnPclpP::aadA::TrbcL cassette and is identical with the bar au genes in plasmids pCK2 and pMBC12 (Kittiwongwattana et al., 2007; Lutz et al., 2007) . Plastid transformation vector pSS42 is identical with the pSS33 plasmid other than in the pSS42 vector, where the bar au gene is flanked with the P1 phage Cre site-specific recombinase loxP target sites (Corneille et al., 2001) . The map of vector pSS42 is shown in Figure 1C . The pSS42 vector DNA sequence was deposited in GenBank. Plastid transformation with plasmids pSS33 and pSS42 was carried out as described previously (Lutz et al., 2006b; Lutz and Maliga, 2007b) . Briefly, 0.6-mm gold particles were coated with pSS33 and pSS42 plasmid DNA for bombardment into tobacco (Nicotiana tabacum 'Petit Havana') leaves. Transplastomic lines were selected on RMOP medium containing 500 mg L 21 spectinomycin dihydrochloride pentahydrate (S9007-25G; Sigma) by their ability to regenerate green shoots on the selective medium that suppresses both greening and shoot regeneration of nontransformed sensitive leaf tissue (Svab and Maliga, 1993) . Uniform transformation of the plastid genome was confirmed by DNA gel-blot analyses after two cycles of shoot regeneration on the selective medium. Transplastomic plants were transferred to the greenhouse to test the aurea phenotype and to obtain seeds (Fig. 3D) .
Testing Transplastome Stability in the Seed Progeny
Approximately 500 seeds were spread on the surface of Pro-Mix general purpose growing medium (code 0432; Premier Horticulture) in plastic flats (10 3 20 inches) and grown in the greenhouse with supplemental lighting (16 h of light). During the first 5 d of cultivation, the germinating seedlings were kept moist by covering the flats with a plastic dome. Transplastomic plants carrying the bar au gene were yellow when young and growing fast . The loss of the bar au gene was indicated by green color or green sectors on the aurea background. Seedling phenotype was scored 3 to 4 weeks after planting. The number of seedlings was estimated by counting a fraction of the population.
Testing Spectinomycin Resistance in the Seed Progeny
The seeds were surface sterilized with 103 diluted Chlorox bleach (0.6% sodium hypochloride; 3 min) in an Eppendorf tube. The sterilizing solution was removed by pipette, and the seeds were washed five times in sterile distilled water. The seeds were allowed to stand in water for 3 min during the last two washes and then spread on a selective seed germination medium containing Murashige and Skoog salts (Murashige and Skoog, 1962) , 3% Suc, and 500 mg L 21 spectinomycin dihydrochloride pentahydrate (S9007-25G; Sigma). Spectinomycin-resistant seedlings on this selective medium are green, whereas the sensitive seedlings are bleached.
Sequencing of PCR-Amplified ptDNA
Total cellular DNA was prepared by the cetyl-trimethyl-ammonium bromide protocol (Murray and Thompson, 1980) . The rrn16 gene region containing the Spc1 spectinomycin resistance mutation was amplified from total cellular DNA with primers 5#-GGAGTACGTTCGCAAGAATG-3# and 5#-TTCCAGTACGGCTACCTTGT-3# and sequenced with the primers used for the amplification. The rrn16 and 3#rps12/7 intergenic region was amplified with primers 5#-CCGCCAGCGTTCATCCTGAG-3# and 5#-GTAGTTAATGG-TAGGGTTACC-3# using total cellular DNA as template and sequenced with the amplification primers.
Transformation of the Nucleus with Genes Encoding Plastid-Targeted Recombinases
To prove the functionality of the attB/attP target sites flanking the bar au gene, Nt-pSS42 leaf sections were transformed by cocultivation with the EHA101 Agrobacterium tumefaciens strain carrying binary plasmid pKO117 (Lutz et al., 2004) . The T-DNA region of plasmid pKO117 encodes a plastidtargeted INT that readily excises the bar au gene. INT-mediated excision was confirmed by DNA gel-blot analyses. The functionality of loxP sites flanking the bar au gene in Nt-pSS42 plants was shown by excision of the bar au gene by the Cre recombinase after cocultivation with Agrobacterium carrying plasmid pKO31 and confirmed by DNA gel-blot analyses (Corneille et al., 2003) .
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers GU980699 and GU980700.
